Introduction
Brown algae are multicellular organisms that belong to the phylum Heterokontophyta, which also includes the oomycetes. The divergence between heterokonts and other phyla comprising multicellular organisms, i.e. Opisthokonta (metazoa and fungi), Viridiplantae and the red algal lineage, is dated to > 1,000 Mya (Yoon et al., 2004) . On one hand, brown algae share several obvious features with land plants, such as the presence of a cell wall, although with a different composition (Kloareg and Quatrano, 1988) , and similar growth metabolism and response, i.e. photosynthesis and phototropism. On the other hand, brown algae share subcellular features with animal cells, such as the presence of centrosomes (Katsaros et al., 2006) , and some aspects of their metabolism (production of eicosanoid oxylipins; Ritter et al., 2008) . Brown algae are coastal organisms, requiring strong attachment or adherence to rocks or other substrates (other algae, etc.) in order to survive. Their economic potential is important in some areas of the globe, with Asia considering them as a central part of their diet (wakame, kombu), and Europe using them as a source of fertilisers, cosmetics, pharmacological products and defence elicitors (Klarzynski et al., 2000; Abad et al., 2008; Holtkamp et al., 2009 ).
Diverse morphologies are observed in brown algae, from crust-like forms to the large thallus blades found in giant kelps. Fucales have long been good models for investigating brown alga and land plant embryogenesis. Given its large size and its ease of manipulation, the Fucales zygote has been particularly amenable to cytological and pharmacological experiments (Kropf, 1997) . Polarisation of the zygote after fertilization involves several sub-cellular components (cell wall, microtubules, centrioles and actin; reviewed in Kropf, 1992) , and is affected by auxin which alters the polarity of the embryo and its developmental pattern (Basu et al., 2002; Sun et al., 2004) . However, Fucus is not amenable to genetic studies, limiting its utility in further investigations of the processes controlling morphogenesis in brown algae. 6 development (Cove, 2000) . However, the perception of these factors is diminished in a marine environment, making the embryonic developmental mechanisms in E. siliculosus a particularly pertinent issue worthy of investigation.
E. siliculosus develops uniseriate filaments, resulting in one of the simplest architectures of multicellular organisms. Its sporophyte body is composed of two mains parts: the prostrate body (Fig.1A , B and C) and the upright body ( Fig.1D and E) . The prostrate body is made of crawling filaments composed of two cell types. Elongated (E) cells are localised at the apices, where they ensure the apical growth by cell division and elongation. They then progressively differentiate centripetally to produce the second cell type, the round (R) cells, thereby generating filaments with E cells on the edges and R cells in the centre (Fig.1B; Le Bail et al., 2008a) . Then, secondary growth axes develop, preferentially in the centre of the primary filament and on the R cells (Fig.1C; Le Bail et al., 2008a) . Upright filaments then develop from the prostrate body, and ultimately differentiate into sporangia (Fig.1D and E) . This early developmental pattern is subject to a significant level of stochasticity in terms of the proportion and position of the two cell types along the filament, leading to a morphologically heterogeneous population. Nevertheless, the pattern is controlled by biological mechanisms, because statistical studies have identified several intrinsic constraints leading to a characteristic architecture (Le Bail et al., 2008a) . Furthermore, modelling of these development steps indicates that local positional information, corresponding to the cell identity of the two neighbouring cells, is sufficient to account for most features of this early differentiation pattern (Billoud et al., 2008) . More precisely, based on observations, it has been postulated that the presence of an R cell in the immediate neighbourhood is necessary to allow E-to-R cell differentiation. However, spontaneous differentiation of an isolated R cell in the centre of the filament is sometimes observed. This cannot be accounted for by the model, and implies that local positional information, while being the main mechanism controlling cell differentiation in the early stages, operates in synergy with an integrated mechanism involving the perception of the overall body organisation.
Despite the absence of characterized algal mutants impaired in phytohormone biosynthesis or signalling, several types of phytohormones (auxins, cytokinins and abscisic acid) have been reported to be present in brown algae and to interfere with their development (reviewed in Tarakhovskaya et al., 2007) . Thus, we sought to investigate the possible role of phytohormones in the development of E. siliculosus.
In this paper, we present data that suggest that auxin plays a role as a signalling molecule controlling the progression of development in this macroalga, and we address the issue of its with nitrilase and CYP71A13 was lower. Enzymes synthesising Trp (IGPS, TSA1 and TSB1) also seemed well conserved, and more interestingly, Trp decarboxylase and YUCCA of the TAM pathway had homologues in the E. siliculosus genome, which were supported by a BBH. The cytochrome P450 monooxygenases CYP79B2, CYP79B3, CYP83B1 were moderately conserved. Less conservation was observed for the enzymes of two additional alternative pathways, the IPA and the IAM pathways. In agreement with the lack of indole-3 pyruvic acid in E. siliculosus filaments, no reliable homologues of Trp aminotransferases (TAA1-like genes; Stepanova et al., 2008) or of IPA decarboxylase were found. The lack of Trp monooxygenase homologues corroborates the absence of IAM in E. siliculosus. However, a putative IAM hydrolase (AMI1 homologue) was found at a low significance level.
Altogether, these data support the existence of a Trp-dependent IAA biosynthesis pathway in E. siliculosus, with the TAM and IAOx sub-pathways being the most probable ones (Fig. 3) .
Very low conservation with IAA conjugation enzymes having sugar or amino acid moieties (GH3 family, ILL, ICR, ILR, see Table 2 ) was found, which is in accordance with the lack of detectable IAA-conjugated compounds in the E. siliculosus extracts. In contrast, the machinery used for IAA conversion into IBA in the peroxysome of land plants is significantly represented in E. siliculosus, at least at the genome level.
An in silico search for homologues of IAA transporters in E. siliculosus revealed a lack of conservation of the auxin efflux transporters PIN and the auxin influx transporter AUX1. The same result was obtained for the ABP1 glycoprotein located in the endoplasmic reticulum membrane. On the contrary, the multi-drug resistance protein ABCB19 (also named MDR1, MDR11, PGP19; Titapiwatanakun et al., 2009) had two matches with very significant similarity (BLAST P value = 0). In E. siliculosus, a large family codes for these transporters (103 members) and 18 of them display a significant similarity with ABCB19 (P value < 10 -30 ; Table 2 and Supplementary Table S1 ).
Finally, despite the fact that a complete suite of Cullin, ASK1 and RUB1-associated proteins 9
The effect of auxin on the growth and development in E. siliculosus was tested at different stages of its life cycle. E. siliculosus development follows a complex heteromorphic haplodiploid life cycle (Müller, 1967) . Diploid sporophytes produce both meiospores (from a meiotic event) and mitospores, which ensure vegetative propagation. Mobile meiospores generate independent male or female gametophytes (dioecism), which, once sexually mature, produce isogamous mobile gametes that fuse in the environment. Nevertheless, both female and male unfertilized gametes are able to germinate and generate an organism with the same morphology as the diploid sporophyte. This haploid organism does not produce cells that can fuse and it is called a parthenosporophyte.
Auxin compounds had no effect on meiospore germination. In contrast, the application of IAA (50 µM) on mitospores prevented germination by 100%. Partial inhibition of germination (60%) was obtained with 2-methoxy-3,6-dichlorobenzoic acid (dicamba; 50 µM), and the spores which did germinate showed severe growth inhibition. Concentrations of IAA and dicamba one and two orders of magnitude lower had no effect on germination. The other auxin compounds tested altered the development of young sporophytes without affecting their growth. Application of 50 µM 1-naphtalene acetic acid (NAA) at early stages modified both cell types and cell positions along the filament and filament polarisation (Fig. 4A ). While control specimens were composed of R cells clustered in the centre of the filament and E cells in the apices, treated organisms displayed abnormal cell shapes. Furthermore, overall disorganisation of the filament architecture was observed, with the initiation of numerous branching points and unusual localisation of E cells. Similar effects were observed with IBA (50 µM), but at a weaker intensity, and with 2-phenyl-acetic acid (PAA; 50 µM), which produced very long cells in the apices (Fig. 4A) . No modification was observed in response to 4-chlorophenoxyacetic acid (CPA), 2,4-dichlorophenoxyacetic acid and auxin transport inhibitors 2,3,5-triiodobenzoic acid (TIBA) or N-l-naphthylphthalamic acid (NPA).
Therefore, while IAA and dicamba mainly inhibited germination and growth, NAA, IBA and PAA modified the architecture of E. siliculosus at early developmental] stages, by changing cell patterning, filament polarisation and inducing numerous ectopic branches.
When applied at later stages (20 days after germination), 50 µM IAA induced an increase in the rate of prostrate branching compared to controls, and 50 µM TIBA induced earlier and more frequent differentiation of upright reproductive filaments (Fig. 4B ).
Because IAA seemed localised preferentially in the apical E cells, we investigated the impact of E cells on central R cell fate, and vice versa, in the presence and absence of auxin. Thus, E cell extremities were ablated and separated from the central R cells, and each section was grown in artificial sea water (ASW). E and R sections were grown for one week, supplied with +/-IAA or NAA (5 µM each, R sections only) and the morphology of the resulting organisms was observed one week later. For the E sections, spontaneous differentiation of R cells in the centre of the section was observed, thereby reconstituting filament organisation similar to controls without ablation (not shown). In the R sections, E cells regenerated at the extremities of the sections (Fig. 5, control) , both in the absence or presence of exogenous auxins. Thus, both E and R sections were able to re-adjust their differentiation program to regenerate the missing cells and re-form a normally structured filament. However, the branching pattern observed from the R sections differed depending on the supply of NAA (Fig. 5) . On average, 4.6 lateral branches were produced on the primary filaments in the control medium, while 1.8 were produced in the presence of NAA, which is similar to the branching rate of intact filaments at the same stage. Therefore, when added at the ablation time, NAA significantly inhibited lateral branching ( χ 2 test, P-value = 1.6 10 -9 ). IAA showed similar but weaker effects (not shown).
In all these experiments, differences between the response to IAA and NAA were observed.
These molecules have different physico-chemical properties and their transport or diffusion in the organism is known, at least in land plants, to require different processes (Yamamoto and Yamamoto, 1998; Woodward and Bartel, 2005) . A lower penetration of exogenous IAA compared to NAA through the E. siliculosus cell wall may explain why NAA had more effects on E. siliculosus development. Moreover, the sensitivity of cells to IAA may be higher, explaining why spores, which lack cell walls, died upon application of IAA, while they germinated with NAA at the same concentration.
Morphogenetic mutants are altered in the auxin perception and signalling pathway.
To demonstrate the role of auxin in the developmental pattern of E. siliculosus sporophytes, we analysed four mutants impaired in cell differentiation generated by ultra-violet B mutagenesis on mitospores. The mutant asparagus (asp) looked quite similar to the wild type (WT) (Fig. 6A ), but both its branching pattern and its cell distribution were different. Fewer secondary filaments were produced (Fig. 6B) , and the E cell proportion measured between the 2-and the 10-cell stage was higher than in the WT ( Fig. 6A and C) , suggesting that the E-to-R cell differentiation process had been altered. On the other hand, the mutants baguette (bag), grissini 1 (gri1) and grissini 2 (gri2) developed a prostrate body very different from the WT (Fig. 3) . All three mutants displayed altered growth polarity, with cells dividing in several axes, especially in gri1 where the body looked like a callus (Fig 3A) . The E cell identity was lost in gri1 and gri2 (both 0% E cells), and was strongly reduced in bag (24% E cells; Fig 3A, C). Their developmental program was characterized by an extremely early emergence of upright filaments in the bag and gri1 mutants, and by an high abundance of secondary prostrate filaments in gri2 (Fig. 3B ).
To investigate whether these morphological alterations were related to auxin metabolism, these mutants were treated with 50 µM IAA, NAA and TIBA. Modifications of the developmental pattern were observed in gri1 and gri2 mutants only. While in gri1, NAA, and to a lesser extent IAA, reduced the emergence of upright filaments, in gri2, less and longer secondary prostrate filaments grew (Fig. 7) . TIBA slightly increased the differentiation of sporangia in gri1, while it had no noticeable effects in gri2. Therefore, gri1 and gri2 were able to respond to auxin, in contrast to asp and bag which were insensitive to it.
Quantifying the amount of auxin in these mutants would be helpful to better decipher the link between the phenotype and auxin metabolism. However, because gri1 and gri2 grew slowly, the amount of biological material was too small to quantify IAA in them. Therefore, we searched for auxin-inducible genes, which could be used as auxin-reported genes. A small- ). In the C-terminal part of the sequence, 10 repeated glycin-rich sequences were clustered, separated by several hydrophilic sequences of 8 to 19 amino acids.
In land plants, extensins are hydroxyproline-rich proteins present in the extracellular matrix where they are thought to play a role in plant cell wall stiffness (Kieliszewski and Lamport, 1994) , and glycin-rich proteins are secreted proteins involved in adhesion and extension of differentiating vascular cells (Ringli et al., 2001) .
A kinetics study in response to NAA showed that the transcript level of EsGRP1 was more than four times higher than the control 30 min after addition of NAA, and it slowly decreased to its basal level after 24 h (Fig. 9A ). In the mutant asp, the EsGRP1 transcript level was higher than in the WT, while levels in bag, gri1 and gri2 mutants were significantly reduced
A summary of the data obtained with the mutants is presented in Fig. 10 .
Discussion

Role of auxin in E. siliculosus development
Some studies have already investigated the role of auxin in brown alga development. At the embryo stages, exogenous application of IAA has been shown to reduce cell polarisation in
Fucus vesiculosus (Order Fucales), and to induce numerous ectopic rhizoid differentiation when grown in the dark (Basu et al., 2002) . In this study, exogenous NAA also induced body polarity impairment and numerous ectopic branches when applied at the germination stage in E. siliculosus. Therefore, in both algal models, exogenous auxin applied before the division of the initial cell triggers general disorganisation of the growing thallus.
In our experiments, when auxin was applied later during the development of E. siliculosus, different developmental responses were observed. Because cells acquire either an E or an R identity immediately after the first division, we investigated the effects of auxin on these differentiated cells. Our approach of isolating R or E sections from the rest of the primary filament helped better understand how cell fate is dictated and how auxin may regulate morphogenetic patterns in early developmental stages. In normal growth media, ablated R cell fragments were able to reconstitute the initial filament with the correct developmental pattern.
More specifically, in response to ablation, the resulting apical R cell re-initiated cell division towards both extremities of the filament, while maintaining initial growth polarity. In addition, the daughter cells acquired the E cell identity. Interestingly, in intact filaments, R cells divide very rarely at this stage, and the differentiation of R to E cells is never observed (Le Bail et al., 2008a , Billoud et al., 2008 . Therefore, this indicates that following ablation, R cells modify their identity and behaviour to follow the intrinsic developmental program. In the brown alga Pelvetia compressa (Order Fucales), ablation experiments at the two-cell embryo stage showed that cell lineage is already established at this stage (Kropf et al., 1993) .
However, the identity of the cell seems to depend on molecular determinants present in its cell wall, because additional experiments performed on the brown alga F. spiralis show that remnants of cell wall from the ablated cell dictate cell fate to the new cell growing in contact with it (Berger et al., 1994) . In E. siliculosus, R cell fragments were cut from within a larger cell fate in E. siliculosus is completely independent of the presence of E cell determinants, contrary to what has been observed in the Fucales. These differences in the mechanisms and determinants of cell fate may be related to differences in body architecture between the species, as both Fucus and Pelvetia develop three-dimensionally growing thalli while
Ectocarpus is composed of uniseriate filaments. This determination process was independent of the addition of exogenous auxin, and may rely on the local positional information as suggested by Billoud et al. (2008) (Fig. 11 ).
In contrast, auxin seems to negatively control the progression in the developmental program.
At the early prostrate stage, ablated R cell fragments induced the growth of more branches than in intact filaments. Addition of NAA on these fragments resulted in reduced branching, suggesting that auxin inhibits branching in the intact filament. where the higher the percentage of E cells, the higher the EsGRP1 transcript levels are and the lower the rate of emergence of prostrate filaments is. This is well illustrated in the mutant asp, which contains 83% of E cells, over-expresses EsGRP1 and displays a lower branching rate, contrary to gri2, which has an extremely high number of secondary axes borne on a callus body made of only R cells expressing a very low level of EsGRP1 transcripts (Fig. 10) . In response to auxin, gri2 decreases its rate of branching, providing evidence that auxin negatively controls hyper-branching of prostrate filaments. The asp mutant was insensitive to the auxin treatment, possibly due to over-induction of its auxin signalling pathway (potentially due to an over-accumulation of IAA), which is concordant with the overexpression of EsGRP1.
At mature vegetative stages (~ 20 to 40 days after germination), addition of exogenous auxin on WT cultures triggered an increase in the emergence of prostrate filaments, while addition of TIBA increased the emergence of upright filaments. This is an indication that auxin may negatively control the transition from the branching of prostrate filaments to the branching of upright filaments, and that this effect relies on auxin transport within the prostrate body (Fig.   11 ). Again, the observation of mutants supports this hypothesis. The two mutants bag and gri1 displayed a pronounced reduction in their vegetative phase, since upright filaments and sporangia differentiate as soon as the prostrate body is composed of a few cells (10 days old).
Most or all of the cells of prostrate bodies are of the R type, which again was correlated with a reduction in EsGRP1 transcript levels. While bag was insensitive to auxin treatment, gri1
responded by decreasing the number of upright filaments, somehow reverting the effect of the mutation by slowing down the emergence of upright filaments (Fig. 11) . The absence or the weak effect of TIBA on the development of these mutants may be due to the fact that they were still in an early growth stage, despite their advanced morphological features.
Altogether, these results support a role of auxin as an inhibitor of the progression of the developmental programs in E. siliculosus, as illustrated in our model in Fig. 11 . Interestingly, in the brown alga Laminaria japonica, which is phylogenetically closely related to the Ectocarpales (Phillips et al., 2008) , auxin levels are lower in the reproductive tissues than in the vegetative tissues, and the formation of sori is delayed in response to 50 µM IAA (Kai et al., 2006) . This illustrates that the developmental role of auxin observed in E. siliculosus may be common to other complex brown algae.
Synthesis and transport of auxin in E. siliculosus
The model illustrated in Fig. 11 is based on a high concentration of IAA in the apical E cells, and on a diffusion of IAA along the primary filament in early developmental stages relayed by active transport towards the more distant tissues in later stages.
The synthesis of auxin by brown algae is an old and controversial issue. Despite the fact that several phytohormones have been shown to be present in brown algae (reviewed in Tarakhovskaya et al., 2007) , studies on non-axenic cultures raised the concern that auxin detected in algal extracts was of bacterial origin (Bradley, 1991) . Here, by using a combination of liquid chromatography, gas chromatography and mass spectrometry on axenic cultures, we showed that IAA was present in low, but significant, amounts in E. siliculosus sporophytes. IPA and ICA -likely to be decarboxylated degradation products of IAA (Ljung et al., 2002) -were also detected. The levels of IAA quantified in E. siliculosus were similar to those found in the brown alga F. vesiculosus (Basu et al., 2002) . No auxin-associated compound was detected other than these three ones. They are either absent from E. siliculosus cells, or only transiently accumulated, in which case they will probably remain elusive until an IAA biosynthesis mutant is identified. distichus, both TIBA and NPA were shown to alter the developmental pattern of the embryo by inducing branched rhizoids (Basu et al., 2002) . However, the inhibitory effect of NPA and TIBA may not be strictly specific to PIN proteins, as these molecules act more generally on actin cytoskeleton dynamics, to which vesicle-mediated PIN recycling is particularly sensitive (Dhonukshe et al., 2008) . Therefore, the simple architecture of E. siliculosus may be Alternatively, the mechanism of gene activation by auxin may be unique to a given set of species, along with a specific pathway and machinery. This could be the case for the whole Heterokontophyta phylum, as genomic studies performed on unicellular heterokonts, namely two diatoms (Armbrust et al., 2004; Bowler et al., 2008) show that there is no conservation of IAA signalling genes known in land plants. This suggests that an alternative signalling pathway exists in these microalgae (Lau et al., 2009 ). However, the two possible auxinsignalling pathways proposed for these species involve the proteins ABP1 and IBR5, for which there is no close relative in E. siliculosus.
In conclusion, previous studies on E. siliculosus morphogenesis showed that very local positional information, corresponding to cell-cell recognition, could be a reliable mechanism that would account for most of the developmental patterns of the early filament (Billoud et al., 2008 
Materials and Methods
Culture of Ectocarpus siliculosus
The experiments were carried out using a unialgal laboratory cultures of haploid E. siliculosus Because some of the studied mutants display abnormal sporangia and no gametophytic state, controlled production of unfertilized gametes or spores was not possible. Therefore, young organisms (~ 10 cells) were obtained by filtrating a mass culture containing individuals at different developmental stages.
For the ablation experiments, early filaments were cut with a needle into pieces containing either E cells only, or R cells only. Corresponding fragments were grown in separate Petri dishes in ASW. NAA (5.10 -6 M) was added to half of the Petri dishes of each cell type.
Filament development was observed one week after ablation. The number of branches was counted and statistical analyses were performed using a Student's t-test. n=32 for ASW, and n=23 for ASW + NAA 5.10 -6 M.
Application of auxin compounds on E. siliculosus tissues
All the phytohormones were purchased from Duchefa Biochemie BV, The Netherlands. NAA (N0903), indole IAA (I0901), IBA (I0902), and 2,4-dichlorophenoxyacetic acid (2,4-D; D0910) and dicamba (D0920) were dissolved in 1 N NaOH at an initial concentration of 0.5M, and then successively diluted in ASW to 5 mM, 500µM and 50 µM. CPA (C0909) and PAA (P0913) were dissolved in ethanol at the same concentrations. TIBA and NPA were dissolved in 0.1% dimethylsulfoxyde. All the auxin compounds, as well as the auxin transport inhibitors were used at the final concentrations 50µM, 5µM and 0.5µM. Final solvent concentrations (respectively 10 -4 , 10 -5 and 10 -6 N for example for NaOH) were used as controls. Only concentrations having an effect on E. siliculosus development are discussed in the text.
For the microarray experiment, RNA was extracted from a sporophyte culture grown in natural sea water for several weeks. Cultures were then sub-divided into equal amounts, and CB column, effluent of which was analysed by the Jeol JMS-700 magnetic sector mass spectrometer operating in MRM mode. The electron impact ion source and the inlet pipe were kept at 260°C and the ionization energy of 70 eV was used. Data were processed using Jeol XMass software.
In order to release IAA from conjugated forms, samples were treated beforehand with 7 N NaOH for 24 h.
IAA immunocytochemical localisation
The protocol was adapted from Avsian-Kretchmer et al. (2002) The data are available at the Array Express at the EMBL-EBI with the number E-MEXP-
1716.
Transcript level quantification by real-time PCR.
Biological triplicates were prepared from each type of material. Oligonucleotides and RNAs were prepared as described in Peters et al. (2008) . The list of oligonucleotides used is presented in Table 3 . In addition to DNAse-I treatment, remnants of gDNA contaminant were quantified by amplification of an intron, and subtracted from the other values. Fifty µM of IAA, NAA and TIBA were applied to gri1 and gri2 cultures. The morphology was observed 14 days later, and compared to the control cultures (NaOH 10 -4 M for IAA and NAA, and DMSO 0.1% for TIBA). In gri1, upright branching was reduced upon application of IAA, and inhibited in response to NAA. In response to TIBA, no significant change in morphology was observed. In gri2, IAA and NAA reduced the number of short secondary filaments as well as the growth of longer filaments. Bar = 50 µm. the Gly residues marked as vertical lines) is made of ten approximate repeats (boxes a to j).
Supplementary material
Supplementary
The complete sequence of this region is shown below the map, with the Gly residues shaded.
Each repeat can be divided into two parts: the first 8 to 19 aa residues correspond to a complex pattern, which can appear in more or less complete forms; the remaining 17-27 aa residues are mainly Glycines. Cells positioned at the apices of the filament acquire the E identity. Higher concentration of auxin is present in these cells, which prevent them from differentiating into R cells and/or inducing branching. As the filament grows, sub-apical E cells get localised further from the apex, and perceive lower auxin concentrations, which progressively induce their differentiation into R cells, as well as branching. Later, auxin maintains its control on the 
